We introduce voltage-contrast scanning electron microscopy (VC-SEM) for visual characterization of the electronic properties of single-walled carbon nanotubes. VC-SEM involves tuning the electronic band structure and imaging the potential profi le along the length of the nanotube. The resultant secondary electron contrast allows to distinguish between metallic and semiconducting carbon nanotubes and to follow the switching of semiconducting nanotube devices, as confi rmed by in situ electrical transport measurements. We demonstrate that high-density arrays of individual nanotube devices can be rapidly and simultaneously characterized. A leakage current model in combination with fi nite element simulations of the device electrostatics is presented in order to explain the observed contrast evolution of the nanotube and surface electrodes. This work serves to fi ll a void in electronic characterization of molecular device architectures.
Introduction
Single-walled carbon nanotubes (SWCNTs) have tremendous potential as interconnects and fi eld-effect transistors (FETs) in nano-electronics [1, 2] . As this research continues, an increasing demand for rapid, non-invasive electrical characterization techniques becomes apparent. The techniques available so far are direct electron transport measurements and indirect characterization such as Raman spectroscopy [3] , near-field optical microscopy [4] , scanning tunneling spectroscopy [5] and microscopy [6] , electron-diffraction [7] and other scanning probe techniques [8, 9] . In general, these are slow and sequential, require special substrates or rely on operator skill, and their applicability to the process fl ow for nanotube device fabrication and integration is limited. Scanning electron microcopy (SEM) could bridge this gap; however, its ability is currently limited to locating and imaging of nanotubes. Here, we establish voltage-contrast scanning electron microscopy (VC-SEM) as an effective metrology tool for the rapid characterization of the electronic nature of SWCNTs and other molecular nanostructures in 322 Nano Res (2008) 1: 321 332 Nano Research functional device geometries, while overcoming the aforementioned limitations of other techniques. VC-SEM involves tuning the electronic band structure and imaging the potential profi les along the length of the nanotube. The results are explained by a leakage current model in combination with finite element simulations of the device electrostatics.
The SEM is based on the detection of secondary electrons (SEs) generated when primary (PE) or backscattered (BSE) electrons interact with the sample [10] . Since the SE yield is proportional to the atomic mass, it is difficult to discern SWCNTs that lie on a silicon dioxide substrate and specific modifications have been proposed in order to enhance the nanotube substrate contrast. Homma et al. [11] proposed that at a low PE energy of 1.5 keV, the insulating substrate adjacent to the nanotube becomes charged with electrons injected from the nanotube and appears brighter than the surrounding substrate. Brintlinger et al. [12] and Zhang et al. [13] used differences in the electron beam-induced selfcharging potential (also at low PE energy of 1 keV) of the substrate and nanotube to enhance the nanotube contrast. This mechanism is sometimes referred to as voltage contrast (VC) Type 1 [10] , and is predominant at low PE energies or under equivalent conditions where the PE penetration depth is smaller than the thickness of the insulating substrate layer. The mechanisms of these contrast enhancement techniques are not defi nitely established. It has also been shown that such low energy PEs cause severe charging of the substrate and consequently perturb the nanotube's electronic transport properties [14, 15] , which is undesirable for nanoelectronic applications. VC-SEM, as described here, involves externally biasing the substrate (sometimes called VC Type 2). VC Types 1 and 2 have been used in microelectronics for failure location in interconnects [16] . An associated mechanism (sometimes called VC Type 3) has been used to image dopant concentrations [17] at inorganic bulk material interfaces. Croitoru et al. [18] and Jesse et al. [19] demonstrated contrast enhancement in multiwall and bundles of singlewall carbon nanotubes, respectively, under external bias conditions, and explained their results in terms of VC Types 2 and 3. However, these methods have not revealed any information about the electronic structure of the nanotubes. Here we develop VC-SEM for potential profile imaging and electronic structure characterization in individual molecular nanostructures such as carbon nanotubes as discussed in detail in Section 2. The optimum conditions for VC-SEM, prescribed in Sections 1.3 and 2.1, have been selected such that they minimize the effect of other charging-based contrast mechanisms that do not provide any information about the nanotube electronic structure, but interfere with obtaining effective voltage-contrast images.
Experimental

Nanotube suspensions
SWCNTs grown by pulsed laser vaporization were dispersed in an aqueous surfactant (1% sodium dodecylbenzene sulfonate) solution followed by ultrasonication and ultracentrifugation to yield a stable suspension of individual SWCNTs. These were fractionated according to length by size-exclusion chromatography and nanotubes with a mean length of 1 μm were used for deposition [20, 21] .
SWCNT device arrays
High density arrays of single nanotube devices were prepared by low-frequency dielectrophoresis [22] on a highly p-doped Si substrate (<0.001 Ω·cm/sq) with an 800 nm thick thermal SiO 2 surface. The deposition technique is self-limiting to one nanotube per electrode pair and the array design allows each nanotube to be characterized individually and independently as a three-terminal device. The electrode pattern was defined by electron beam lithography, followed by metal sputtering and lift-off. The electrodes are composed of a 5-nm Ti adhesion layer and 40 nm Pd, since Pd has been shown to make low-resistance contact to SWCNTs [23] . Nanotubes were deposited by alternating current (A/C) dielectrophoresis at a peak-to-peak field strength of 2 V/μm and an A/C frequency of 300 kHz. At this low frequency, both metallic and semiconducting nanotubes deposit. Subsequently the devices were annealed at 200 °C for 2 h in vacuum to remove residual adsorbed surfactant from the nanotube surface and metal nanotube interface and improve the contact quality.
VC-SEM and electrical transport
The device arrays were mounted in a ceramic package and loaded in a Leo 1530 SEM on a sample holder that allows each lead of the ceramic package to be individually biased. Voltage biasing and transport characterization were performed using an Agilent 4155C Semiconductor Parameter Analyzer. In VC-SEM, the drain is grounded (V D ), the gate is biased (V G ), and the source (V S ) is fl oating. 
Simulations
The finite element simulations presented here were performed with FlexPDE To calculate the potential distribution and electric field around a floating or grounded electrode, two separate simulations were performed considering only these electrodes, to reduce computation time. To model the situation for a grounded electrode, the potential of the electrode was also fi xed by a Dirichlet condition at 0 V. In the case of the fl oating electrode, no potential is specifi ed, and the electrode metal was modelled as a dielectric with r = 10 8 [25] . Due to the large dielectric constant of the metal, the potential of the electrode then adjusts to a constant value within the electrode.
Results and discussion
High density nanotube device arrays
High density arrays of single nanotube devices [22] ( Fig. 1 ) comprised of independent fl oating electrodes (source), one common electrode (drain), and the highly-doped Si/SiO 2 substrate as a common back gate were characterized by VC-SEM. 
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voltages, indicating that the potential between source and drain equilibrates instantaneously through the bridging nanotube. These nanotube devices are metallic. The brightness of the source electrodes of devices 1, 3, 6, and 9 lag significantly behind the drain contrast because, at low V G , the potential does not equilibrate between the source and drain via the bridging nanotube. The devices behave similarly to metallic devices at high V G . These are semiconducting nanotube devices. Source electrodes of devices 5 and 10 do not change their brightness with applied bias even though there is a nanotube in the gap. Closer observation reveals that in device 5 the nanotube does not make effective contact with the drain while in device 10 the contact to the source is broken. These observations were confirmed by measuring the electron transport characteristics of the three-terminal devices (Figs. 3 (c) and (d)) with the fl oating electrode contacted by an in situ nano-probe. The data shows that the brightness of the floating electrode, which can be rapidly imaged at low resolution, correlates to the electronic property of the corresponding nanotube device.
For an interpretation of our VC-SEM images, it is necessary to know the origin of SEs that we are detecting in our experiment and their energy distribution. The In-Lens SE detector used in our SEM detects only low energy SE1 electrons [26] , which are a result of the direct impact of the PE with the substrate, and responsible for voltage-contrast. The Everhart-Thornley (SE2) detector, mounted outside the column, primarily collects higher energy SE2, SE3, and backscattered electrons which are not affected by surface potentials and therefore unsuitable for VC-SEM. Indeed, we have experimentally confi rmed that no voltage contrast can be observed if the SE2 detector is used. SE yield depends strongly on the surface potential which augments the material work function. SEs have low energy (≤50 eV) compared to the incident beam (1 30 keV) and only those originating at depths up to a few nanometers from the surface can escape and be detected. When the surface has a negative potential (negative V G ), the SE emission yield is enhanced while a positive potential (positive V G ) effectively retains the SEs and reduces their yield [27] . This is equivalent to shifting the SE energy spectrum towards higher or lower energies respectively. Any potential on an SWCNT or electrode will infl uence SE image contrast both due to changes in the SE yield (VC Type 2) and the deflection of SEs emitted from the substrate in the vicinity of the nanotube or electrode by transverse electric fi elds (VC Type 3) [10, 17] .
In this framework, the contrast evolution of the electrodes can be understood as follows. Surface electrodes of a nanotube device are either grounded drain electrodes (V D ) or floating source electrodes (V S ). The potential of a floating source electrode is determined by the leakage current (I leak ) between the source and gate electrode through the gate oxide, and by the ratio of the gate oxide resistance (R OX ) to the nanotube resistance (R NT ). R OX depends on V S -V G , and R NT depends on V G and 
In the case of a metallic nanotube device R OX >> R NT and V S = V D , hence the source and drain electrodes appear with similar brightness independent of V G . In the case of a defective nanotube or nonbridged device R OX << R NT and V S = V G , hence the source and drain electrodes appear with different brightness at any gate voltage. In the case of a semiconducting nanotube device, two regimes can be distinguished: For small V G , R OX < R NT and V S ≈ V G , and at large V G , R OX > R NT and V S ≈ V D . Hence, with increasing V G the brightness of the source and drain electrodes deviate signifi cantly before approaching similar values. We derived V S for a typical semiconducting nanotube device by comparing the brightness of the floating source electrode with the brightness of the drain electrode (V D = 0) and a non-bridged fl oating electrode (V S 0 = V G ). Nano Research Figure 4 shows how V S increases with V G up to V G ≈ ±8 V and then decreases until
The V S vs V G dependence is symmetric in V G , which provides evidence that the leakage current I leak is not electron beam-induced as in conventional electron beam-induced current imaging (EBIC). In fact, we constantly monitor the current through the drain electrode, which in the steady-state is always below our detection limit of 100 fA. We have estimated that I leak ≈ 10 It should be noted that there exist some subtle differences between probing the electronic structure of a nanotube by VC-SEM or by transconductance measurements. In VC-SEM, the floating electrode bridged by a semiconducting nanotube always equilibrates with the grounded electrode potential and contrast at similar positive and negative gate bias, an indication of ambipolar electronic characteristics. In electronic transport measurements however, the devices were either ambipolar or p-type unipolar with very low or moderate ONstate conductance at positive V G . Our proposed explanation for this difference is as follows. The unipolarity in electrical transport measurements of large band gap semiconducting SWCNT devices is an effect of the metal nanotube Schottky barrier at the contact [28] . In the case of Pd electrodes, the metal Fermi level is aligned close to the conduction band and, the band-bending at the contacts is asymmetrical; large for positive and small for negative gate bias. Large band-bending results in a small ON-state conductance due to the low tunneling transmission probability; therefore, such devices are p-type unipolar. For contacts where the metal Fermi level is aligned close to the valence band, a n-type unipolar device is expected by similar arguments. All nanotubes are however intrinsically ambipolar and capable of transmitting electrons and holes with equal effectiveness [29] . Metallic nanotubes often make poor contact with the electrodes, either due to intrinsic weak electronic coupling at the Fermi surface [30] between the nanotube and metal or extrinsic factors such as an intervening surfactant layer [22] . This results in a large contact resistance and low overall device conductance, which is not representative of the intrinsic conductivity [23, 31] and electronic properties of an SWCNT. In VC-SEM, only a very small current fl ows through the nanotube under all conditions, limited either by the nanotube or oxide resistance under different conditions. Apparently, it probes the intrinsic ambipolarity of all semiconducting nanotubes and is insensitive to the contact Schottky barriers. The current limitation by contact resistance seems not to affect VC-SEM measurements in the way it affects electrical transport measurements, and VC-SEM can be used to characterize nanotube devices irrespective of the effectiveness of the metal nanotube contact. Further evidence for this statement will be provided in another publication.
To conclude this section, we note that VC Type 1 due to charging is minimized in our experiment by the primary electron penetration depth of 1.5 μm at 10 keV [32, 33] being signifi cantly larger than the oxide thickness of 800 nm. Most of the primary electrons pass through the oxide into the silicon gate and are removed by the gate bias circuit. They do not contribute to the accumulation of negative charge in the substrate. On the other hand, the secondary electron and backscattered electron yields of Si and SiO 2 are similar. The bias on the gate is not enough to affect the yield of the highenergy backscattered electrons, and since secondary electrons are only released from a small surface layer of few nanometers, their yield is also not affected by the underlying conducting substrate. As a result prolonged exposure to electron irradiation, under the VC-SEM conditions presented here, results in an overall positive charging of the substrate and a darkoffset in the contrast of all features, unlike the negative charging expected for thick insulating substrates. This dark-offset is also enhanced by the deposition of an organic layer on the substrate surface under the influence of the electron beam. The time-and dosescales for these effects are however at least an order of magnitude larger than what is required for VC-SEM and their effects can thus be neglected here. A low PE energy of 1 keV results in a penetration of only 30 nm, and causes large negative charging of the substrate, which is undesirable.
Individual nanotube devices
The evolution of potential and brightness in the floating electrode is a measure of the overall characteristics of the device. Devices might exhibit semiconducting characteristics due to various reasons: the bridging nanotube is semiconducting, a Stone-Wales defect [34] or electron irradiationinduced transformation [14] , or impurity-induced rectifying behavior [35] . However, at a higher magnification, VC-SEM can also image the voltage profile within the nanotube itself, and provide information about the electronic structure of an individual SWCNT.
Figures 3(a) and (b) show the contrast along the nanotubes of a metallic (device 4) and semiconducting (device 6) device, under illustrative gate bias conditions (V G =0 V, ±5 V, ±15 V). The complete sequence (V G =0 V to ±20 V) is presented in Movies 3 to 6 (in the ESM). It is apparent that at different V G , the contrast along a metallic nanotube remains uniform, while it is non-uniform along the length of a semiconducting nanotube until very high V G . This behavior corresponds to the difference in contrast of the floating source electrode in metallic and semiconducting devices. The contrast profi le refl ects the voltage profi le along the length of the nanotube. Metallic SWCNTs have no gap in their electronic density of states and their conductance is unaffected by a gate field. Therefore, the mobile carriers can effectively equilibrate the potential along the nanotube under all bias conditions. Semiconducting SWCNTs have a band gap of up to 1 eV depending on their chirality and diameter, and their conductance is strongly infl uenced by the bending of their electronic band structure by a gate fi eld. Also important to note is the "glow" around the nanotube; this is a result of the local in-plane electric fi elds (VC Type 3) (Fig. 5) .
To conclude, VC-SEM can probe the potential distribution along a carbon nanotube in a similar way to scanning probe techniques like electrostatic force microscopy [9] or sliding contact measurements [8] . However, the acquisition times for VC-SEM are Nano Res (2008) 1: 321 332 Nano Research orders of magnitude shorter than for scanning probe techniques, and there is no need to explicitly bias each source electrode.
Electrostatic modeling
A quantitative model of VC-SEM would require simulation of the SE generation and propagation under the infl uence of the potential and electric fi eld distribution around the nanoelectronic device. On the other hand, a qualitative understanding of the SE contrast can be obtained from the surface potential and electric field distribution around the nanotube and associated electrodes. The local potential ( ) could be derived by solving self consistently the Poisson Schrödinger equation [36] as a function of V S , V D , and V G , including electron-phonon scattering and hot carriers in the system. However, this approach is beyond the scope of this paper. Therefore, we limit the discussion to solutions of the Laplace equation ( ∆ ( ∆ )=0), which gives valid results for metallic nanotube devices (V S = V D , = 10 8 0 ) and for semiconducting nanotube devices in the subthreshold regime (V S = V G , = 30 0 ). The threshold regime of a semiconducting nanotube device has been roughly approximated by variation of . Figure 6 shows the calculated potential distribution in the vicinity of the nanotube and surface electrodes for different nanotube permittivity. While the simulations were performed at V G = 5 V and V D = 0, the potential distributions scale proportionally for other values of V G . We note that within the simulations the floating electrode potential V S is determined by the electrostatics while experimentally V S is determined by R OX and R NT . Nevertheless the simulations reproduce qualitatively the experimental VC-SEM results. When a semiconducting SWCNT is insulating ( = 30 0 ), then V S = V G and the a b Figure 5 Electrostatic potential (background color) and electric field E (arrows indicate direction only) distribution around a conducting nanotube, connected to the grounded drain, in a crosssection perpendicular to its axis. Electrons experience a force opposite to the direction of E: (a) positive gate bias, nanotube appears bright; (b) negative gate bias, nanotube appears dark. The transverse components to the electric field are responsible for the observed "glow" around the nanotubes brightness of the floating electrode is similar to the substrate. As the SWCNT becomes more conducting, mimicked here by > 30 0 , the potential of the fl oating electrode and its brightness start to increasingly deviate from the substrate. When a semiconducting SWCNT is in its ON state, or for a metallic SWCNT ( = 10 8 0 ), then V S = V D and the brightness of the floating source electrode is similar to that of the drain and distinct from the substrate. In this case, the nanotube has the same potential as the electrodes (and hence uniform contrast) along its length. For the intermediate regime, the potential and contrast along the nanotube decrease from the drain to the source.
The simulations reproduce the experimental results only qualitatively due to the limitations of the underlying model. The experimental S E c o n t r a s t a n d t h e s i m u l a t e d potential distribution are compared in Fig. 7 (and Figs. S-3 and S-4 in the Nano Research ESM). Simulation indicates that the potential drops off rapidly on either side of the nanotube, however, the electrons are deflected by the transverse electric fi eld (Fig. 5) , resulting in the broader contrast "glow" observed experimentally around the nanotube. Along the length of the nanotube, the simulations approximate the observed experimental profile.
The full width at half maximum of the SE energy distribution from SiO 2 is ~2 V; therefore, for surface potential shifts greater than a few volts, the contrast saturates accordingly and does not follow the potential distribution.
Advantages of VC-SEM
In contrast to competing techniques, VC-SEM is based on SEM, which is a user-friendly and routine characterization tool for SWCNTs. It works effectively on any substrate of interest to the nanoelectronics community. Nanotube devices can be characterized rapidly and simultaneously, which is of particular importance as SWCNT electronics reaches integration densities comparable to siliconbased microelectronics. VC-SEM can serve as a routine characterization technique in SWCNT device fabrication to efficiently sift through a large number of individual nanotubes to locate those which are suitable or interesting for further analysis with complementary techniques. Such a characterization tool is an essential advancement in realizing the full potential of SWCNTs in commercial applications [37] . The enhanced contrast of a nanotube under bias in an SEM allows it to be imaged at much lower magnifi cations and higher scan speeds and observed more clearly at comparable magnifications. By imaging the contrast of the source, we can identify metallic and semiconducting nanotube devices at even lower magnification and resolution where the nanotube itself is indiscernible. This allows for the simultaneous and rapid electrical characterization of a vast, high density array of SWCNT devices [22] . These results are particularly useful, since prolonged exposure to electron irradiation could have detrimental effects on nanotube devices [14] and VC-SEM can significantly reduce the imaging time and exposure effects.
Conclusions
This work serves to establish VC-SEM as a new and versatile method to characterize the electronic properties of SWCNTs in device configurations, particularly, the ability to distinguish metallic and semiconducting SWCNTs in an SEM. Metallic and semiconducting SWCNTs and their devices show differences in contrast due to distinct potential distributions acquired by the nanotube and the floating electrodes under gate bias which can be understood within a leakage current model. In order to observe the best VC-SEM results, certain conditions should be met: (1) SE1 electrons, which are sensitive to surface potentials, are preferentially detected over SE2, SE3, and backscattered electrons; (2) surface-potential under external bias shifts the SE1 energy distribution (VC Type 2) and lateral electric fi elds defl ect emerging the SE1 electrons; (3) charging (VC Type 1) and EBIC contrast mechanisms are suppressed.
In summary, VC-SEM can probe the potential distribution along a carbon nanotube, providing information about its electronic structure. It can be extended to characterize defects and discontinuities (device failure) in nanotubes. Systematic analysis of the contrast profiles and verification by complementary single nanotube photoluminescence mapping could reveal correlations to the electronic band-gap of semiconducting SWCNTs and enable us to distinguish different nanotube chiralities in an SEM. VC-SEM can be similarly used to characterize other nanoelectronic materials such as organic FETs, bio-electronic systems and low-dimensional materials like graphene.
